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Abstract
Maleszewski, Adam Anthony. M.S.Egr., Department of Mechanical and Materials
Engineering, Wright State University, 2011. The Functionalization and Characterization
of Adherent Carbon Nanotubes with Silver Nanoparticles for Biological Applications.

The purpose of this project is to form silver nanoparticles (Ag-NP) attached to a
hierarchical substrate for possible use in biological applications. The effectiveness of
these Ag-NP-containing devices, including biofilters and biosensors, may be dramatically
enhanced by the use of hierarchical structures such as carbon nanotubes (CNT), as they
offer a high surface area surface suitable for cell-device interactions, while Ag-NP would
be a suitable component in many such devices due to its plasmonic surface properties
(e.g. in sensor and directed energy applications) and its anti-microbial properties
(desirable for fluid filtration due to its low weight. Meaningful control over the Ag-NP
sizes and degree of adherence has been achieved. The interaction between silver and
human epidermal cells as would be present in Ag-NP-based wound dressings has also
been investigated in vitro and is discussed.
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Chapter 1. Introduction

Carbon is a non-metallic element which is tetravalent in its electrically neutral state. It is
remarkable in that it exhibits a wide variety of thermodynamically stable or metastable
(at room conditions) allotropes including diamond, graphite, nanotube, amorphous
carbon, and buckminsterfullerene (also known as buckyball). Each of these provides
remarkably different properties from one another despite sharing the same constituent
element. As a result, carbon has been used in applications as diverse as fuel, jewelry,
high-performance cutting blades, and writing utensils. Since the 1990s, a renaissance of
carbon research has been underway to exploit the advantages of its more newly
discovered allotropes. Of particular interest have been fullerenes – the family to which
buckyballs and nanotubes belong. Using these nanostructures, carbon has become a
highly investigated element, particularly in the fields of biomedical and electrical
engineering. Because it exhibits high electrical conductivity, many stable allotropes, low
chemical reactivity at room temperature, and biocompatibility, carbon is a prime
candidate for many such applications.
At room temperature and standard atmospheric pressure, the most stable form of carbon
is graphite. Graphite is comprised of stacked layers of single-atom-thick sheets of
covalently bound carbon atoms. These layers are individually known as “graphene”.
1

Each graphene plane is bound to the next primarily by the relatively weak van der Waals
forces, yielding a high degree of anisotropy to the material (i.e., the electrical and thermal
conductivity is much better along the planes than through them). Each carbon atom in
graphite is primarily bound to only three in-plane neighbors, which gives rise to
graphite’s unique electrical properties. Since each carbon atom has four valence
electrons but forms only three bonds, one valence electrons is delocalized; this imbues
graphite with high electrical conductivity, a trait not shared by purely covalently bound
allotropes such as diamond.
Another carbon allotrope, the single-walled carbon nanotube (SWCNT), has a structure
which may be envisioned as a graphene sheet rolled into a tube (although this is not how
they are formed; rather, current methods form them beginning at one end of the CNT and
ending at the other). A similar structure is the multi-walled carbon nanotube (MWCNT),
which is comprised of a concentric encapsulation of one or more SWCNTs by a larger
SWCNT, resulting in an ever-broadening outer diameter with each additional nanotube
encapsulation. Several layers of nanotube may be encapsulated in this fashion, yielding
an outer diameter of 20 nm or more – an order of magnitude greater than an individual
SWNT. These nanotubes, like the layers of graphene comprising graphite, are prone to
agglomeration due to significant secondary bonding between them. They have been
investigated as high-surface-area supports for catalytic applications since they can
increase the surface area of a bulk substrate by several orders of magnitude [1].
The other main component studied herein is the metal silver. Silver is a transition metal
with an atomic number of 47. Silver has many remarkable properties, including the
highest electrical and thermal conductivity of any pure metal under room conditions. It
2

has been under increased investigation in the biological community as a supplemental
bactericide to antibiotics since an increasing number of bacteria have become resistant to
the effects of more traditional antibiotics.
Additionally, silver exhibits what is known as surface plasmon resonance (SPR). SPR
refers to the propagation of some electromagnetic waves (known as surface plasmonpolaritons) coupled to oscillations of free electrons along the surface of a metal [2, 3].
The phenomena was first explained by Otto, Kretschmann, and Raether in 1968 [4, 5],
and has led to hundreds of studies into ways to exploit this remarkable property. SPR
occurs in, but is not limited to, noble metals. The mechanism for SPR is the excitation of
surface plasmon electromagnetic waves (SPW) along the surface of a surface plasmon
resonant material (that is, parallel to the interface between the surface of the dielectric
and the metal) by an incident electromagnetic wave. These SPWs occur in surface
plasmon resonant materials instead of reflection, which is the typical path for EM waves
which impinge on a metal surface.
The incident angle at which the maximum amount of incident light is converted into
SPWs instead of reflected light is known as the SPR angle. This SPR angle is extremely
sensitive to changes in surface bonding (such as the introduction of a biological agent
onto the surface of an surface plasmon resonant material), as it is largely determined by
the index of refraction within the immediate vicinity of the metal-dielectric interface. It
is this concept that forms the scientific basis for optical biosensors.
Although carbon and silver have compelling biological properties, the biocompatibility of
their nanoscale forms is still being ascertained. This process is desperately needed
3

because the amount manufactured and the variety of applications of nanoscale forms of
carbon and silver are increasing. Because biological toxicity depends heavily on the
individual factors of a substrate, I have included baseline toxicity analysis of a common
exposure route, epidermal contact, of the hybrid structure synthesized.
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Chapter 2. Research Objectives
The primary objective for this research was to synthesize novel high surface area, silvernanoparticle-laden composites for use in biological applications. These particles were to
be metallic, strongly adhered to the substrate, and abundant. The reasons for these
requirements are the following: If the silver nanoparticles are in an oxidized form, they
will not exhibit surface plasmon resonance. If they are weakly adhered, the useful life of
such a composite in service will be limited. Because we are attempting to create a
surface-area-dependent device, abundance is obviously critical because it directly relates
to the efficacy of the device. Each of these qualities was to be demonstrated. Also,
toxicity was to be evaluated to provide baseline toxicology information for this novel
composite and to provide data useful for evaluating possible future applications which
may involve contact with human cells.
A secondary goal was to determine if the size of the nanoparticles could be easily
modified by a change in the temperature at which the nanoparticles were generated.

5

Chapter 3. Literature Review
The literature review has been restricted to seminal or comprehensive studies related to
nanoparticle synthesis or pertinent characterizations thereof. Section 3.1 provides an
explanation of the most common methods of generating nanoparticles similar in size and
chemistry to those synthesized for this research, while Section 3.2 addresses the known
toxicity of the components of the composite that was synthesized in the present research.
In addition to the synthesis techniques used to generate Ag-NPs, ripening techniques
have been explored to enlarge the particles at the expense of the total number of particles
[6]. This process is critical for particle modification to create high performance, surfacearea-dependent devices.
Section 3.2 also contains summaries of the biological interactions of various cell lines in
vitro, animal systems in vivo, and bacteria in the presence of silver nanoparticles. Carbon
nanotubes have also been widely examined for toxicity, and those results will be briefly
summarized in Section 3.2, as well.

3.1 Metal Nanoparticle Synthesis Methods
There are several current methods of nano-metal deposition onto uneven substrates such
as carbon nanotubes. These approaches include electrostatic deposition (also known as
6

citrate reduction, Turkevich, or electroless deposition methods) [7 - 12], gas-catalyzed
solid-state reduction [13], laser ablation [14, 15], and radiation reduction [16, 27].
Because the research reported in this thesis is a modification of electrostatic deposition, it
is given the most thorough treatment. The other methods are discussed primarily in terms
of their applicability to produce large numbers of metallic silver nanoparticles strongly
bound to carbon nanostructures.
For the purposes of this discussion, the following definitions apply:
Capping agent – a molecule which, in whole or, more typically, in part, bonds with a
nanoparticle in order to prevent atoms from bonding to its surface. This is used to
minimize the final nanoparticle size and to control its surface chemistry.
Reducing agent – for the purposes of this study, a molecule which is primarily ionically
bound, the cationic portion of which spontaneously binds with the non-metallic portion of
the salt to be reduced.

3.1.1 Electroless Deposition
Electroless deposition is characterized by metal salt reduction in a solution containing a
reducing agent, a capping agent (which may be the same chemical as the reducing agent),
and sometimes a surfactant, depending on the substrate’s wettability.

An early

comprehensive study (and the first to utilize electron microscopy in analyzing the
process) was performed in 1951 by chemist John Turkevich, who adapted a citrate
capping process from prior research [18, 19]. In this original 1951 study, Turkevich used
7

this adaptation to synthesize gold in an aqueous solution at 100 °C via chloroauric acid
reduction in sodium citrate. He quantified nanoparticle sizes by electron microscopic
measurement, reporting a mean diameter of approximately 20 nm.
In the many follow-up studies which have been performed since, this electroless method
has been refined as a method for both synthesizing metal nanoparticles and adhering
those nanoparticles to substrates which have included carbon nanotubes (CNT).
However, in the studies which used this method to attach silver nanoparticles to CNTs,
the attachment has been always prefaced by a pre-attachment step to functionalize the
CNT surface via an acid etch [7 - 12]. This introduction of moieties, thought to provide
an “anchor” onto the otherwise inert CNT surface, necessarily causes damage in the form
of fissures in the CNT [8]. This impairs the electrical conductivity of the CNT and
hinders its usefulness in biosensing applications. Additionally, if the CNTs are adhered
to a substrate before reduction, the site of its attachment to the substrate may be
aggressively attacked. The acid etch may also selectively target the ends of the CNTs,
opening the end and wicking the metal catalyst inside via capillary action [8, 20], thereby
inhibiting its ability to act as a catalyst in surface-area dependent applications.
Following the reduction, the silver nanoparticles spontaneously adhere to functional CNT
side groups located on the outside of the CNT wall [20].

These groups include

carboxylic (-COOH), carbonyl (-C=O), and hydroxyl (-OH) groups [21]. The simplest
reaction mechanism proposed is that of ion exchange, replacing the hydrogen H° with a
metal M° (Equation 1) [22].
(Equation 1)
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Many silver reductions using this method have been performed using a citrate, such as
sodium citrate (NaCit), reportedly both as a capping agent [7, 9] and a reducing agent
[10, 23]. It has been reported that NaCit reduces the silver ions and caps them [24, 25].
Other reducing agents such as sodium borohydride and dimethyl sulfoxide (DMSO) have
been used, as well [26, 7], but in the case where DMSO and NaCit are both used (as in
the adaptation presented in this thesis), the mechanism of reduction is not well
understood.
Because the salt is typically dissolved in water before it is reduced via this method, one
role of DMSO is to act as a solvent since DMSO is capable of dissolving both polar and
non-polar components. DMSO is especially useful in reductions in the presence of
CNTs, due to their hydrophobic nature.
The electroless deposition method itself has several advantages. It has the advantage of
being capable of depositing metal nanoparticles on a three dimensional surface despite
the fact that part of that surface may be shrouded from a single angle (as opposed to
“line-of-sight” methods). It is also highly scalable because it requires only the metal salt,
the reducing and capping agents, and inexpensive instrumentation (e.g. a low-temperature
heater, stirring mechanism, etc.).

It also involves relatively benign equipment and

chemicals, as opposed to high-energy lasers, explosive gasses, or high temperatures. It
has achieved particles sizes from under 1 nm to approximately 50 nm [8, 27].
The main disadvantage of this process is that the introduction of complex molecules to
the sample yields some lingering post-reduction impurities.
processing may be required depending on the intended application.
9

As a result, further

3.1.2 Photodeposition
In the photodeposition method, CNTs and a salt are mixed in an aqueous solution and
irradiated with high-energy photons in order to reduce positively-charged metal ions [28,
16, 17]. The photons are known to create moieties on the surface of the CNTs, which are
theorized to serve as nucleation sites for the reduced metal as in electroless deposition by
acid etching [29]. The irradiated solution contains some form of a reducing agent (i.e. the
reduction is thermodynamically favorable), but irradiation is still necessary due to the
reaction’s inherently slow kinetics or prohibitively large activation energy [29]. The
electrolysis of water is a proposed mechanism by which the silver itself is reduced,
yielding independent H° [28]. Energy has been supplied via microwaves [29], gamma
rays [7, 28], and ultraviolet radiation [16] to this end. Often, capping agents such as
citrate are used as well [7], and the particle diameters achieved are in the 5-30 nm range
[16, 28]
Disadvantages of this process lie in the high-energy photons required. Unfortunately, as
the energy of the radiation increases, potential hazards to the health of the operator
increase as well. As such, training procedures and inspections of such electromagnetic
wave generators, coupled with high energy costs for operating such equipment, are
current hindrances to commercialization of this method.

10

3.1.3 Gas-Catalyzed Solid-State Reduction
Gas-catalyzed solid-state reduction is characterized by metal reduction via a chemical
reaction with a gaseous environment such as

at an elevated temperature [13, 30, 31].

This process has yielded nanoparticles of a relatively small size and distribution (5 ± 2
nm), but it has significant drawbacks.
One such drawback is the need for reactive gases such as H2 or C-O in the presence of
elevated temperatures (approximately 200 °C) in order to reduce the metal. In addition to
the safety concerns associated with such gases, an airtight chamber is necessary to avoid
oxidative effects – for example, the conversion of C-O to the less reactive CO2. The need
for airtightness also limits the ability of the operator to precisely measure the effective
temperature using usual methods, and thus a period of fine tuning of the heating system
controls may be required to achieve the proper inner-chamber temperature [30].
Advantages of this method include that the reduction does not require capping agents,
thereby eliminating troublesome contamination issues. Also, it may be used to achieve a
narrow distribution of impressively small sized particles (~ 5 nm diameter).

3.1.4 Laser Ablation
Laser ablation is a process by which a solid metal is placed into a vacuum or inert
environment and then evaporated or sublimated (ablated) using ultra-short bursts of light
from a laser. A pure metal donor is placed in front of the desired substrate (often on the
order of centimeters away), onto which the excited metal condenses [14, 15, 32]. A raw
11

vacuum may be adequate for deposition, but a gaseous atmosphere during the ablation
may be used instead to restrict the expansion of the resulting plume [14]. Gases used are
inert – most commonly helium or argon, which result in differing deposition rates due to
the atomic number effects on the ablated material [33]. Other factors influencing particle
size include laser intensity, target-substrate distance, laser wavelength, sample movement
during deposition, radiation frequency, and the method and speed of changing the
radiation focal point [14, 15, 32].
The disadvantages of this process include the high cost of the instrumentation required to
produce and control highly directed femtosecond or picosecond-long radiation bursts.
Also, extensive optimization time is required because a detailed understanding of the
interrelationships between the many controllable variables is difficult to achieve. Lastly,
it is better suited for flat substrates than for 3-dimensional ones because the process
requires a line of a sight from the donor to the desired substrate.
The advantages of this method include a high degree of deposition parameter control and
the lack of impurities normally introduced by reducing or capping agents. It has also
been used with a variety of substrates and deposited materials, including noble metals
(Au, Ag), ferromagnetic metals (Ni), semiconductors (Si), and superconductors (Mg

).

The parameters with respect to deposited particle size also remain remarkably consistent
regardless of the material [32]. It also allows for exceptional control of deposited particle
size from 1-200 nm [14].

12

A similar process has also been explored using mini-arc plasma in lieu of photons [6].
This technique relied on applying an electrical charge to the surface of the CNTs in order
to attract the oppositely charged

ions.

3.2 Substrate Toxicity
The toxicity of any novel material or composite should be evaluated before it is put into
public use or production. In this case, there is extensive toxicity information on the
constituent materials due to the tremendous interest in these materials over the past 20
years. These studies will be used to establish the level of knowledge and any significant
knowledge gaps.

3.2.1 Carbon Nanotubes
The toxicity of carbon nanotubes has been a matter of great debate since they were
brought to international awareness by Iijima in 1991 [34]. Because the CNTs are adhered
to a substrate, one of the most serious pathways, inhalation, is not plausible in this case.
Therefore, our discussion will focus on another common exposure route; skin contact.
The in vitro toxicity results vary based on the type of CNT (MWCNT or SWCNT), the
amount of catalyst remaining from synthesis, and the cell type in question. A correlation
between increasing iron catalyst amount and decreasing cell viability has been observed
[35], but even nearly catalyst-free MWCNTs in their unattached state have been shown to
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decrease viability significantly ( < 80% viable) in keratinocytes at 400 µg/mL in vitro
[36].
During evaluations of the toxic mechanisms, both MWCNTs and SWCNTs have been
observed inside cell vacuoles when toxicity has also been observed [36, 37]. Therefore,
it has been asserted that CNTs may have a reduced biological impact if they are attached
to a substrate and therefore cannot be taken up by the cell. In support of this proposition,
mouse fibroblasts have been shown to grow and proliferate on a MWCNT substrate in
which the MWCNTs are constrained [38].
It has been reported that single-walled CNTs are more harmful than are MWCNTs [39,
40], but this observation is not universal [41], likely because other factors (catalyst used,
agglomeration, etc.) are dominant below a certain size threshold. Colloidal carbon
nanotubes are harmful to keratinocytes in moderate doses (≥ 200 µg/mL) [35, 36], at least
somewhat independently of catalyst content.
In conclusion, adherent CNTs have been observed to be more biocompatible than those in
solution because uptake is prevented. However, contamination of the nanotubes may also
limit their biocompatibility since common catalysts used to form CNTs are not biocompatible (e.g. iron nanoparticles).

3.2.2 Silver Nanoparticles
The toxicity of Ag-NPs has been studied in considerable depth over the past decade,
driven by a surge in anti-bacterial- and biosensor-related research. Various consumer
14

products seeking to exploit the bactericidal properties of silver have emerged, such as
paint [42], catheters [43], water filters [25], and wound dressings [44]. Several exposure
mechanisms have been investigated, including contact with skin and inhalation [44 – 46].
However, several issues are involved in obtaining objective toxicity results. Among them
are unaddressed sources of error within tests [47] and difficulty in accurately relating
dosages between colloidal solutions and adherent particles. In addition to these factors,
the number of variables is considerable, making it difficult to relate one test to the next.
For example, particle size distributions, testing procedure used, cell line tested, and the
capping agent used are all known to influence nanoparticle toxicity and are all variable
from one study to the next, making comparison difficult.
Variations in reporting dosage amounts are especially problematic. Some studies report
the dosage in terms of atomic percentage and in terms of weight percentage via XPS
curve-fitting, respectively [27, 48], while others report silver weight added with respect
to the total sample weight [49], by molar concentration in a colloid [50], and in parts per
million with the mean particle radius included [51]. A standardization of reporting
dosages, particularly for adherent (non-colloidal) nanoparticle toxicology information, is
desperately needed.
As previously noted, the studied cell type also governs toxicity to some extent. While it
has been reported that silver has a greater toxicological effect against gram-negative
bacteria [52, 53], this result is not universal [49], and it is well-established that silver
nanoparticles are effective against gram-positive strains as well [54]. Staphylococcus
epidermidis, Methicillin-resistant Staphylococcus epidermidis (MRSE), and Methicillin15

resistant Staphylococcus aureus (MRSA) are common examples of gram-positive
bacteria, while Escherichia coli (E. coli), Salmonella, and Legionella are examples of
gram-negative bacteria. Less toxicity has been observed in eukaryotic cells than in
bacteria, as well [54].
Many studies have reported a size-dependent effect of silver toxicity in the nanoscale
[55]. However, greater toxicity is observed in smaller particles at the same weight
concentration because, in part, the same weight concentration of a smaller particle yields
a much greater surface area. A recent study asserted that in both in vitro (A-549
epithelial cells) and in vivo (male Wistar rats’ lungs) and for a wide variety of
nanomaterials, a more intuitive measure of nanomaterial toxicity should be adopted [56].
Surface area per volume rather than weight per volume was proposed as this more
intuitive system. Such a change would offer a significant benefit, since weight per
volume is currently used by many regulatory agencies such as the National Institute for
Occupational Safety and Health [57]. As such, these standards may be either too lax or
too rigid, depending on the mean particle size. Both alternatives are injurious to the
efforts of industry and research organizations that use such particles.
In selecting a more appropriate standard, the following factors should be maximized:
ease of measurement, the accuracy and objectivity of a measurement, and the intuitive
relationship between the measured number and resulting toxicity across a variety of cell
types, if possible. This last factor refers to providing a knowledgeable researcher a clear
understanding of the danger of an environment in simple terms. By analogy, let us
consider a researcher who wishes to study a simple elastic collision in which two objects
impact one another after travelling in opposite directions. If one wishes to study the force
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imparted by a such collision, it would greatly aid the researchers in the field to discuss
their experiments in terms of velocity and mass instead of convoluted variables such as:
the angle the objects traveled from the observer’s perspective prior to impact, the
apparent distance which initially separated them, the distance from the observer to the
objects, the volume of the objects, and their densities. Note that these pieces of
information can lead one to an understanding of collisions, but speaking in terms of the
factors which are irreducibly simple – in this example, the velocities and masses of the
objects – facilitates understanding.
Using any of these standards would be better than using all of them (in some cases,
comparing values has been made impossible by this variety).
With it being said that surface area per volume is a better indicator of toxicity than mass
per volume, some particle sizes may be too large to damage cells through a mechanism
requiring cell uptake [55]. As such, surface area is not expected to have a linear
relationship with toxicity through all regimes.
The sources of actual error involved in this testing (as opposed to the factors discussed
which merely make it difficult to relate results from one study to another) are also
considerable to be overcome in this arena. As one such example, a staple of toxicological
in vitro research, the MTT assay, has recently been criticized for indicating false
cytotoxicity when carbon nanotubes are used, likely due to reactions between these
constituent materials and some tetrazolium salts such as MTT [47]. This and other
sources of error may be critical, given that such methods are still in use with hybrid
structures [45, 58].
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In conclusion, in modern silver nanoparticle research, there is a lack of standardization
which inhibits the comparison of studies. Many studies are incomparable due to varying
methodologies, capping agents, exposure times, cell types, toxicity measurements,
particle sizes, dosages, etc. As such, we can conclude relatively little from the abundance
of studies available. The conclusions which are consistent include the following:
Smaller particle sizes yield more toxicity if the particle concentration by weight remains
constant. Bacteria, especially gram-negative bacteria, are harmed more readily by silver
contact than are eukaryotic cells. Silver has been observed to accumulate in the organs of
mammals; significantly in the liver, kidneys, and spleen [59, 60], but a significant amount
of short term (< 1 week) clearance has also been observed [61]. Lastly, in vitro studies
have found a greater degree of toxicity than in vivo studies have, so care should be taken
to avoid needless alarm based solely on the former. Quite to the contrary, repeated
examinations of consumer products containing silver such as wound dressings, silver
catheter coatings, and colloidal solution ingestion have shown little toxicity [62, 63, 61].
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Chapter 4. Synthesis Procedure
The synthesis of the Ag-NP + CNT + HOPG hybrid structure was broken into three main
parts: 1) The MWCNTs are grown on a substrate comprised of HOPG and silica (Figure
4.1). 2) Silver nitrate is dried on this substrate. 3) The silver nitrate is reduced by an
adapted electroless method in order to achieve a hierarchical substrate consisting of
HOPG, silica, MWCNTs, and Ag-NPs. In this section, the details of the latter two
processes are described because they have not been previously outlined elsewhere.
The utensils used in the following step were all cleaned in the following manner between
each step in the experiment: The utensils were sprayed with absolute ethanol and wiped
dry with cotton paper towels. All utensils were visually inspected for fibers or other
contaminants and the process was repeated until none were visible.
Step 1) Multi-walled carbon nanotubes (MWCNTs) were grown on highly-oriented
pyrolitic graphite (HOPG), as outlined by Mukhopadhyay, et. al. [1] [Figure 4.1].
The MWCNT-HOPG hybrid structure was then heated to approximately 110 °C using a
hot plate. To protect the light-sensitive silver nitrate, the experiment was carried out in a
reduced-light setting by turning off the overhead lights, leaving only indirect light from a
window with blinds closed. 40 mg of

was well stirred in 1 mL distilled water to

achieve a molarity of 0.24 M via magnetic stirring for approximately 10 seconds on
setting “8”. At this point, no salt was visible on the bottom of the beaker, indicating
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dissolution. The MWCNTs were then wetted by spraying absolute ethanol on the surface
until it was entirely wetted, and, immediately, the

solution was applied by

pipetting one drop onto the surface.

Figure 4.1: A schematic displaying the substrate to finished hybrid structure.

Such drops had been weighed previously on a micro-balance, and were determined to
weigh approximately 30 mg/drop. After the first drop was added, the next was added
after a 45-second interval to allow partial drying to occur so as to avoid causing the liquid
to spill over the side of the sample. When the last drop was added, the sample was
immediately covered by an aluminum foil cover to further eliminate light.

The

MWCNTs were dried in this condition at the same temperature for one half hour, at
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which time the sample was placed into a clean plastic sample holder, which was wrapped
in aluminum foil and placed in a dark drawer until it was used.
The final step in the synthesis, sample reduction, took place within two days of the
previous step in each experiment. The utensils were first washed in ethanol and dried by
cotton towel. The alumina shelf, alumina sheath, Teflon® stir bar, and glass beakers
were then submersed in the solvent dimethyl sulfoxide (DMSO) in order to remove any
remaining ethanol. This DMSO was then discarded and these instruments were used
while still moist.
15 mL of DMSO were then added to a 25 mL beaker containing the alumina sheath,
alumina shelf and stir bar [Figure 4.2]. The purpose of the alumina sheath was to support
the alumina shelf, which in turn supported the sample.

This arrangement was

implemented to avoid collisions between the sample and the stir bar during mixing while
avoiding adhesive contamination inherent in taping the samples inside the beaker. This
beaker was then placed on a hotplate stirrer. A cleaned thermocouple probe was then
inserted into the solution until it rested at approximately the same height at which the top
face of the sample would set during reduction. The hotplate stirrer’s stir control was set
to “5” at this time to initiate stirring. The hotplate was then switched on, and the
appropriate input temperature was dialed in once the solution’s temperature stabilized.
This input temperature was not constant between iterations because of room temperature
variations. This process consisted of simply manually adjusting the setting higher or
lower depending on the readout of the thermocouple after sufficient time was allowed for
temperature stabilization.
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When the solution stabilized within ± 0.5 °C of the desired reduction temperature, 4.4 ±
0.2 mg of sodium citrate dihydrate (NaCit) was measured on a calibrated microbalance
and added to the solution for a concentration of 1 mM.
This reduction temperature in the DMSO, based on the thermocouple readings, was set at
either 60 °C or 80 °C in the experiments. These two temperatures were used on different
samples to study the effects of reduction temperature.
At this time, the room lights were turned off, leaving a dimmed, reduced light
environment.

Approximately 30 seconds elapsed to allow for NaCit dissolution in

DMSO, at which time a prepared sample (i.e. a

-supporting sample as previously

described) was inserted onto the shelf using stainless steel tweezers. The beaker was
immediately covered with aluminum foil, leaving a slot for the thermocouple to remain in
position throughout the experiment.

One hour elapsed, during which time the

temperature varied by less than 1 °C. Based on previous iterations of this experiment in
which the beaker was not covered with foil, the observed solution color changed from
clear to pink within five minutes; then to burgundy; and then finally to an opaque, nearly
black liquid over the course of the hour.

This darkening is likely due to the

agglomeration of particles which remained in solution.
At this time, the sample was removed with tweezers and shaken by hand in a beaker of
room-temperature distilled water. The sample was allowed to sit in the beaker for
approximately 5 minutes before another vigorous agitation and was then removed with
tweezers. The reason for the agitation was to remove any loosely bound particles from
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the sample surface. The sample was then sprayed with absolute ethanol to speed drying
and placed in a clear plastic sample holder until analysis could take place.

Figure 4.2: A schematic of the apparatus mid-reduction. For simplicity, the
thermocouple and stir bar are not pictured. The stir bar would appear in the sheath
which supports the sample shelf, while the thermocouple would appear adjacent to
the top face of the sample.

In early trial runs, the amount of silver adhered to the substrate was minimal. A large
increase in the amount of silver deposited was observed after the procedure was modified
so that instead of adding the silver nitrate to the DMSO + NaCit solution containing the
sample, the silver nitrate was dried on the substrate prior to reduction according to the
procedure in Chapter 4.

23

Chapter 5. Sample Composition and Quantity

5.1 X-Ray Photoelectron Spectroscopy
An understanding of the chemistry of the particles adhered to the CNTs is essential to the
suitability of the hybrid structure for virtually all potential applications. To this end, the
hybrid structures synthesized were evaluated using a variety of methods: X-Ray
Photoelectron Spectroscopy (XPS), Energy Dispersive Spectroscopy (EDS), and
Scanning Electron Microscopy (SEM).

5.1.1 X-Ray Photoelectron Spectroscopy Procedure
A HOPG + CNT hybrid structure was coated in silver nitrate and evaluated via XPS as a
reference for peak locations, peak shapes, and relative peak intensities. This unreduced
sample was prepared in the following manner: 22 mg of

were dissolved and

well-mixed in 0.5 mL of distilled water and were added to a CNT + HOPG sample dripwise, using the same method outlined in Chapter 4. The sample was then placed on a 110
°C hotplate and covered from light for 30 minutes. The sample temperature was held at
50 °C overnight to ensure drying, and the sample was evaluated via XPS the following
day. Spectra from three locations were collected on this
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control sample. It

should be noted that a much larger amount of silver is to be expected to be present in this
sample because it had roughly an order of magnitude more silver nitrate on its surface
than the reduced samples did initially (and reduction reduced the amount even further).
X-Ray photoelectron spectroscopic analysis was also carried out on two 60 °C samples
and two 80 °C samples. A general scan was performed on each sample from 1100 eV to
0 eV, and any visible peaks or expected peaks were analyzed using a fine scan. Each
peak location was then offset such that the C 1s peak energy was set to 284.5 eV. These
peaks were quantified using Linear or Shirley fits, as indicated in Appendix B. As a rule,
a Shirley background fit was chosen when the noise surrounding a particular peak was
low and the background level varied from one side of a peak to the other. A linear fit was
used if either of these conditions were not met.
These three samples’ spectra will be presented overlaid with one another for the sake of
brevity.

5.1.2a X-Ray Photoelectron Spectroscopy Discussion
Each spectrum has been charge-corrected to C 1s at 284.5 eV. Each carbon main peak
was approximately 284.3 eV before this correction, so all peaks were shifted 0.2 eV
higher from their as-collected positions. The regions were quantified according to the
boundaries and background fits detailed in Appendix B. These quantification data were
compiled in Table 5-1 for all of the reduced and
averaged for like samples).
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control samples (the data were

Based on this data, the nitrogen-to-oxygen ratio in the control sample is 1:3, which is
expected of a nitrate sample (AgNO3). However, the silver-to-nitrogen ratio is 2:1, which
is inconsistent with the expected silver nitrate value of 1:1. Since XPS is an extremely
surface-sensitive technique (< 10 nm penetration depth), this discrepancy likely indicates
partial reduction on the surface of the AgNO3 control sample, perhaps resulting from the
mild heat and indirect light in the laboratory.
At %

Control Sample

At % Reduced Sample

Ag
21.9
3.7
N
10.0
0.8
O
31.4
8.6
C
36.1
86.4
S
0.6
0.5
Table 5.1: A comparison of selected atomic percentages (≥ 0.5 at %) based on averaged
regional quantifications of XPS spectra.

The reduction method increased the silver-to-nitrogen ratio from 2:1 to nearly 5:1 on the
sample surfaces. From the C 1s satellite peaks and the O 1s full width at half maximum
(FWHM) and atomic percentage of the reduced samples, we conclude that several
bonding states involving oxygen are present. The peak locations are consistent with these
bonding states which include, in addition to the nitrate-oxygen bond in nitrate (

), an

O-O bond found in C-O-O, and a C-O bond, both of which are suitable moieties
responsible for facilitating metal nanoparticle attachment to the otherwise nonreactive
carbon nanotube surface.
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5.1.2b X-Ray Photoelectron Spectroscopy Individual Scans

Notable features can be observed in the general scans of the control and reduced samples.
The small nitrogen peak observed in the reduced samples is larger in the
sample due to the nitrogen found in
in the spectra of the

. The Ag 3d 5/2 peak is the most intense peak

control samples, but the C 1s peak is most intense in the

reduced sample. The reason for this difference is that the
mg

control

control sample had 22

on the surface, while the reduced sample had only 2.4 mg before reduction

and significantly less after. Because XPS is a superficial technique, this layer of silver
nitrate shrouds most of the underlying carbon signal in the control samples, while the
metallic particles on the reduced samples “bead”, exposing the carbon nanotube beneath
and resulting in a higher C 1s peak.
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Figure 5.1: A AgNO3 control sample general scan XPS spectrograph showing a
small C 1s peak due to a layer of silver nitrate on the sample surface (A 60 °C
reduction temperature sample shown).
This C 1s peak of the

control sample was located at 284.3 eV before charge

correction to 284.5 eV, a well established value for highly-oriented pyrolitic graphite
(HOPG) [64]. A silver nitrate coating is shown in Figure 5.1, while a reduced sample is
shown in Figure 5.2. The main peak in this reduced sample corresponds to the C-C
bonds of CNTs, which should appear between 284.4 and 285 eV [64 - 68]. The carbon
measured in the silver nitrate coated sample can be attributed to substrate carbon and/or
to contaminants from the atmosphere adsorbed onto the silver nitrate surface.
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Figure 5.2: A reduced sample general scan XPS spectrograph showing a large C 1s
peak due metallic nanoparticles beading on the surface revealing CNTs (sample 1
shown).
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Figure 5.3: A composite spectrograph depicting XPS spectra collected in different
locations of the AgNO3 control sample in the C 1s regime.

While the

control sample displays only one prominent C 1s peak (Figure 5.3),

secondary peaks can be observed in the region 1-7 eV higher than the C 1s peaks
indicating C-C bonds in the reduced samples (Figure 5.4). These secondary peaks are
consistent with common carbon bonding states. Three curves were used to fit these
satellite peaks (Figure 5.5a). In addition, an XPS spectrograph of HOPG was also
compared with those of the reduced samples and was found to be lacking the satellite
peak near 286 eV (Figure 5.5b).
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The satellite peaks, appearing at 285.8 eV and 290.3 eV, may correspond to C-O (~285.4
eV) bonds and C-O-O (~288.9 eV), respectively [68, 64]. There is a fourth possible peak
near 288 eV which may correspond to C=O [64, 69]; however, it is extremely faint and
would require more detailed experimental analysis to accurately evaluate.

Figure 5.4: A composite spectrograph collected from three reduced samples
depicting XPS spectra in the C 1s regime.
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Figure 5.5a: A spectrograph of a reduced sample fit with three curves lying at
284.5, 285.8, and 290.3 eV.
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Figure 5.5b: A composite spectrograph comparing the C 1s peaks of three reduced
samples with bare HOPG, indicating the formation of a carbon bonding structure
during the reduction process. The HOPG peaks lie on the bottom at the position
indicated.
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5/2

3/2

Figure 5.6: A composite spectrograph depicting three XPS spectra collected in
different locations of the AgNO3 control sample in the Ag 3d regime.

The Ag 3d 5/2 peak on the

control sample lies at 368.0 eV (Figure 5.), which

agrees with the literature value for silver nitrate [67]. However, the silver peak locations
of other potential silver-containing molecules, such as metallic silver and silver oxide, are
also near this position. The AgNO3 peak lies between 368.2 eV and 368.8 eV [70, 71],
while AgO is at 368 eV [67], and Ag2O is at 367.9 eV [72]. Metallic silver, silver nitrate,
and both oxide forms of silver all fall within 0.3 eV of each other.
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Data for the Ag 3d 3/2 peak of AgO and AgNO3 are not available, and the Ag2O 3/2 peak
has been reported as 373.9 eV [72] (a separation of 6 ± 0.1 eV; the same as metallic silver
[73]), so this satellite peak is not helpful in identifying the bonding type.
For these reasons, the silver peaks can be used only to identify the amount of silver and
not the bonding type.

5/2

3/2

Figure 5.7: A composite spectrograph collected from three reduced samples
depicting XPS spectra in the Ag 3d regime.

The average Ag 3d 5/2 peak location for the three samples post-reduction was 368.2 eV
(Figure 5.7), a small shift relative to the control sample. Some authors argue that a
lower-energy shift in 3d 5/2 peak location occurs during silver reduction to metallic silver
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[71, 74], while a slight higher-energy shift over the course of the reduction of roughly
~0.2 eV has been observed in this work. However, this is a small shift (within the
estimated error of 0.3 eV < x < 0.5 eV), so taken alone, it does not rule out silver
reduction.
Silver nitrate has been reported within 1 eV of its currently-observed position and
metallic silver has been reported higher than my observed location (368.3 and 368.4 eV)
[75, 76].

Figure 5.8: A composite spectrograph depicting three XPS spectra collected in
different locations of the AgNO3 control sample in the N 1s regime.
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The observed nitrogen peak positions of the AgNO3 control sample are centered at 406.1
eV (Figure 5.). However, the literature once again reports higher binding energies than
are here observed – publications place this peak between 406.6 and 407.2 eV [70, 71].

Figure 5.9: A composite spectrograph collected from three reduced samples
depicting XPS spectra in the N 1s regime.

The reduced samples (Figure 5.) exhibit a virtually identical N 1s location to the nitrate
control (avg. 406.2 eV), but the peak is much weaker with respect to the strength of the
silver peak. This indicates that most of the silver nitrate present in the AgNO3 control
sample’s spectra has been reduced.
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Figure 5.10: A composite spectrograph depicting three XPS spectra collected in
different locations of the AgNO3 control sample in the O 1s regime.

The main O 1s peak of the AgNO3 control sample is located at 531.7 eV (Figure 5.10),
while the O1s nitrate peak has been reported from 532.3 to 532.9 eV [70, 71]. The lower
binding energy observed may indicate partially reduced silver nitrate on the surface, an
interpretation which is also supported by the atomic ratios found in Table 5-1.
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Figure 5.11: A composite spectrograph collected from three reduced samples
depicting XPS spectra in the O 1s regime.

The mean observed O 1s peak in the reduced samples is located at 532.2 eV (Figure
5.11). The FWHM has increased from 1.5 to 2.0 eV from the AgNO3 control sample,
indicating that more than one bonding state of oxygen is present after reduction.
It should be noted that the highest FWHM in Figure 5.11, pictured in green, is 2.3 eV,
while the others are roughly 1.9. This wider peak is of the 80 °C reduction temperature
sample.
The O 1s peaks of the oxides of silver, Ag2O and AgO, are reported to be between 528.4
and 530.9 eV [77 - 79]. This indicates that a silver oxide layer, if it exists, is a small
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portion of the oxygen used – especially since 530.9 eV is one of the highest values
reported, with more common values lying near 529 eV. This makes the presence of
significant surface oxidation on the reduced samples unlikely because the observed peak
lies primarily higher than this value.
However, the oxygen found in silver nitrate is located between 532.3 and 532.9 eV [70,
71], so the presence of unreduced AgNO3 is not ruled out on this basis.

Figure 5.12: A composite spectrograph depicting three XPS spectra collected in
different locations of the AgNO3 control sample in the S 2p regime.
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A contaminant, sulfur, was found in both types of samples. In the AgNO3 control
sample, S 2p peaks were observed at 167.7 and 168.8 eV (Figure 5.12). However, the
signal is too noisy to have a high level of confidence in the location of the 168.8 eV peak.

Figure 5.13: A composite spectrograph collected from three reduced samples
depicting XPS spectra in the S 2p regime.

The reduced S 2p primary peak found on the reduced samples is located at approximately
162.9 eV (Figure 5.13). The origin of the sulfur and the change in its 2p binding energy
observed here are not clearly understood.
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5.2 Energy Dispersive X-Ray Spectroscopy
Energy Dispersive X-Ray Spectroscopy (EDX) was used for collecting qualitative as
opposed to quantitative information. It was not calibrated specifically for this substrate
or this particular elemental composition. EDX spectra were taken at 2000x
magnification, 15 kV accelerating voltage, and a working distance of 8 mm.
These spectra show that a significant portion of silver has been attached to the surface,
but they provide little clarification of the degree of reduction for reasons explained below
(Figure 5.14).
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Figure 5.14: An EDX spectrum of a 60 °C sample after synthesis (top) and the
accompanying quantification (bottom).

As is expected, the amount of silver observed has decreased with respect to carbon from
the XPS spectra of the reduced samples, as EDX analysis penetrates much more deeply
into the sample than does the alternative method. Unfortunately, the N Kα peak appears
at approximately 0.4 keV, which lies in the low energy, higher-noise region of the
spectrum. This value also lies between two large peaks of this sample; O K and C K.
Since the nitrogen amount indicated by XPS is small and in combination with these
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factors, the nitrogen peak is obscured in this spectrum. This spectrum confirms that we
have deposited silver.

5.3 Scanning Electron Microscopy
In SEM micrographs, the state of silver nanoparticles for both the 60 °C and 80 °C
samples (the preparation of which is discussed in Chapter 4) can be observed. A 2 kV
accelerating voltage was used with a 1.5 mm working distance.

Figure 5.15: A 60 °C reduced sample micrograph at 100kx magnification.
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The 60 °C reduced samples contained Ag-NPs with a mean diameter of less than 5 nm
and showed a high degree of dispersion (Figure 5.15). Conversely, the 80 °C reduced
samples showed coalescence of silver particles, yielding larger particles (Figure 5.16)
with agglomerated patches of coalesced particles as broad as several micrometers across
(Figure 5.17, Appendix C).
Closer inspection of the 80 °C reduced samples indicates that the coalesced particles are
mostly distinct, with constituent particles mostly in the 20-40 nm range (Figure 5.16). It
is not surprising that these particles have grown as a result of the application of heat, as
metal nanoparticles are well known to ripen even at low temperatures [6].
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Figure 5.16: An 80 °C reduced sample micrograph at 100kx magnification.
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Figure 5.17: An 80 °C reduced sample micrograph at 10kx magnification showing
patches of coalesced particles.

5.3.1 Scanning Electron Microscope Measurement Procedure
In order to gain a quantitative grasp of the effect of reduction temperature on particle
sizes, measurements of the sizes and quantity of particles have been carried out using the
following methodology: The number of particles visible in several (from three to five)
SEM micrographs of areas on a sample have been manually counted and measured using
the Scandium© software application [Figure 5.19 - Figure 5.22].

47

Scanning electron microscopy was carried out at 2 kV in either backscatter or secondary
electron mode at a magnification of 250kx. These images are captured at a working
distance of 1.5 mm. The particles were clearly visible in both, and a side-by-side
comparison followed by a particle count revealed no significant difference in the number
or radii of the particles (data not included). The two were compared with one another in
this analysis.
In order to perform this analysis, locations were chosen in an unbiased manner, i.e., the
sample itself was imaged in low magnification mode (approximately 50x), followed by
the random selection of an area to collect images for analysis. The specimen would be
moved horizontally in low magnification mode to ensure that the analyzed images were
sufficiently far apart to accurately represent the whole sample.
In the following analyses, two types of samples were evaluated: those reduced at 60 °C
and those reduced at 80 °C. Three 60 °C samples and two 80 °C samples were evaluated
in this manner. To depict these samples, a total of 18 micrographs from the 60 °C
samples and 14 micrographs from the 80 °C samples were evaluated.
These measured values were then exported into a Microsoft Excel© file, where the data
were analyzed. In Figure 5.23, a histogram depicting particle diameters, the error values
were computed as follows: First, the diameter values of all the micrographs counted for a
particular reduction temperature were rounded to the nearest whole number (in nm).
Then, the number of particles which fell into each of these 1 nm bins (e.g. 1.5 to 2.5 » 2
nm bin) were tallied on a per image basis (e.g. 15 of the 2 nm particles for image one
were counted, 19 for image two, etc.) to determine how much variation was present
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between locations. The last bin includes all particle diameters greater than 14.5 nm , and
is labeled “>15 nm”. The mean value for each bin is also calculated; for example, 20
particles were counted at 2 nm in image #1, 10 in image #2, so the mean value is reported
as 15 particles. The standard deviation of all the totals from each micrograph per bin is
calculated using the standard (n – 1) formula:

σ=
This standard deviation is then used to determine the standard error of the mean formula,
where n is the number of values and σ is the standard deviation:

In order to normalize the number of particles so that they could be compared between the
micrographs of the heavily particle-laden 60 °C reduced samples and those of the
relatively sparsely populated 80 °C reduced samples, this mean value is divided by the
highest mean value reported (e.g. if most particles were in the 5 nm bin, which had an
average of 30 particles per image, the 2 nm bin from the previous example will now read
15/30, or 0.5 in its normalized value). This process is carried out for each bin, such that
the tallies of the most populous bin is 1 and all others are a fraction of it. The normalized
standard error of the mean, as is reported in Figure 5.23, is divided also by the highest
mean value for any bin, so that the ratio between mean counts and error remains constant
before and after normalization.
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In order to distinguish these particles from the iron particles deposited on the CNTs in the
CNT synthesis process, an identical analysis was performed of a sample that was
generated in the same CVD batch without the addition of silver [Figure 5.18]. Six such
micrographs were evaluated.

Figure 5.18: An SEM micrograph of unfunctionalized MWCNTs with measured
iron particles at 250kx magnification.
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Figure 5.19: As-collected micrograph of a 60 °C reduced sample showing silver
nanoparticles at 250kx magnification.

Figure 5.20: An analyzed micrograph of a 60 °C reduced sample showing measured
silver nanoparticles at 250kx.
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Figure 5.21: An as-collected micrograph of an 80 °C reduced sample showing silver
nanoparticles at 250kx.

Figure 5.22: An analyzed micrograph of an 80 °C reduced sample showing
measured silver nanoparticles at 250kx.
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5.3.2 Scanning Electron Microscopy Results
The bare sample which was investigated provided a baseline particle number. This
sample was adorned with only the catalyst iron particles from the CNT synthesis. This
evaluation revealed an average of approximately 20 particles per image at 250kx
magnification (ppi) over the six locations investigated. The visible area at one location at
this magnification is approximately 480 x 383.6 nm, or just over 180,000 nm2, which
may be used in order to ascertain the number of visible particles per area.
In contrast, the ppi values of the 60 °C or 80 °C reduced samples were 330 and 190 ppi,
respectively. As such, we can conclude that the vast majority of the particles observed in
the micrographs of the reduced samples are silver particles and not particles of the iron
catalyst.
Figure 5.23 shows the full histogram for these functionalized samples. 3.53 nm is the
average diameter of the 60 °C reduced samples’ particles, while 7.45 nm is the average
diameter of the 80 °C reduced samples’. The higher temperature has increased the
diameter of the particles, as was expected because it has been noted that increased
temperature has been observed to increase the number of nuclei formed as a function of
time [6, 80], thereby extending the time spent in the ripening phase and, presumably, the
rate of particle growth as well.
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Figure 5.23: Histogram comparing reduction temperatures and resulting mean
particle sizes.

It should be noted that a calculation of the amount of silver present based only on the ppi
and diametric distributions is a considerable underestimate for two main reasons.
One reason is that nanoparticles smaller than 1 nm cannot be measured via traditional
SEM. There are many particles which are observed in both the 80 °C and 60 °C reduced
samples which are near this size, suggesting that a significant number of these very small
particles may go uncounted.
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The second cause of error is due to shadowing effects which may cause some particles to
go uncounted. There are three ways this occurs: First, the particles may be located on
the side opposite the one visible in the SEM micrographs of a CNT, rendering them
partially or wholly invisible because of shielding by the CNTs (see schematic in
Appendix A). Second, particles may go uncounted due to shielding by the other, larger
silver particles above them (Figure 5.21). Third, the CNTs bearing Ag-NPs may be
shielded by CNTs above them. The last shadowing effect may be especially significant
because the substrate itself is completely invisible under the CNT “forest,” indicating that
a large number of CNTs and therefore the Ag-NPs which adorn them are hidden from
view.
An alternative method for determining particle abundance is as follows. The number of
particles present in the average area may be found by

Where

is the number of attachment sites per area, i.e., the number of places the

CNTs are attached to the substrate per area,

is the average CNT length, and ppl is

the average number of particles per length. In order to estimate the number of particles
per length, further SEM analysis was performed. Two to three top-layer CNTs per
micrograph were selected and the particles on their surfaces were counted. This number
was then divided by the length of the CNTs to determine ppl.
By manually counting particles in six micrographs of three 60 °C samples, an average ppl
of 65 ± 5 particles/

was ascertained. Both the number of attachment sites per area and

the average CNT length have been conservatively estimated as 170 CNT/
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and 20

for CNTs grown on this substrate and in this manner [1]. Therefore, the ppa of 60 °C
reduced samples may be conservatively estimated as 220,000 ± 17,000 particles/

.

Estimating the number of particles per substrate area in this way relies on one important
assumption: The concentration of particles on CNTs is independent of the depth of the
CNTs, i.e., the CNTs located nearer to the substrate have a similar concentration of AgNPs as do the CNTs further from it.
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Chapter 6. Sonication-Based Analysis
6.1 Sonication-Based Analysis Procedure
A 60 °C reduced sample was placed in a conical, graduated test tube containing 10 mL of
distilled water. The test tube was held upright in a 5.5 gallon ultrasonic cleaner as is
shown in Figure 6.1. The ultrasonic cleaner was filled to roughly 1 ½ inches below the
top of the tank, which was below the top cusp of the test tube. The sample was sonicated
for a set duration, measured by a manually-operated stopwatch. The sample was then
removed, sprayed with ethanol, and allowed to dry.
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Figure 6.1: Schematic of the top and side views, respectively, of the sonicationbased analysis experimental setup.

6.2 Sonication-Based Analysis Results/Discussion
The aim in this sonication-based analysis was to test the durability of the hybrid structure
by causing sample failure via mechanical oscillation, i.e., to irreversibly change the
hybrid structure in a manner which would significantly compromise its utility in
applications such as biosensation or biofiltration. To that end, a 60 °C reduced sample
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was sonicated for five minutes, as outlined in the introduction to this chapter. A
micrograph of the resulting substrate is presented in Figure 6.2.

Figure 6.2: A SEM micrograph of a CNT sample after five minutes of sonication.

The flat, white portions visible in Figure 6.2 are patches of silica that have remained
intact on the graphite surface. The “valleys” observed are pits in the graphite substrate.
This heterogeneous response to sonication is likely due to the varying graphitic planar
orientations that are known to lead to anisotropy in HOPG. This sonication was observed
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to remove all CNTs, which provides little information about how well the Ag-NPs
adhered to the CNTs.
An identical 60 °C reduced sample was tested using a much shorter sonication time, 10
seconds. This was found to provide a snapshot of the early stages of sample failure under
this type of rapidly oscillating mechanical force. The results are shown in Figure 6.3.

Figure 6.3: A SEM micrograph of a 60 °C reduced sample after ten seconds of
sonication.
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Figure 6.4: A SEM micrograph of a 60 °C reduced sample after ten seconds of
sonication.

61

Figure 6.5: A SEM micrograph depicting a sonicated 60 °C reduced sample
showing an intact silica layer (left) and the underlying graphite (right).

Five micrographs were taken, in a manner similar to that of those taken to compare 60 °C
and 80 °C reduced samples in Section 5.3.1, of the areas that remained covered with
CNTs. The only procedural difference between the previous study and the sonication
examination is that, in the latter, low magnification mode was used to avoid areas which
were rendered bare by sonication.

62

Figure 6.6: SEM micrographs of a 60 °C reduced sample after a ten-second
sonication.
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Based on these five micrographs of sonicated samples, 332 ± 41 ppi were counted, while
an average of 328 ± 35 ppi were observed on unsonicated samples. This result
demonstrates that an appreciable amount of silver was not removed via mechanical
oscillation, though an appreciable number of CNTs were removed.
In summary, silver remained attached to the CNTs at least until CNTs were removed
from the surface under an oscillating mechanical force. However, this does not imply
that the Ag-CNT atomic bonds are stronger than those binding the CNTs to the substrate.
For geometric reasons, the force exerted on a particular CNT may be much greater than
that exerted on a silver particle that has a much smaller surface area (Figure 6.7). This
study demonstrates that a robust hybrid structure has been synthesized which has
particles that will not easily separate from their substrate.
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Figure 6.7: A schematic representing forces exerted by sonication on CNTs and AgNPs during a single pulse. Given the attachment area of a CNT as A and an
attachment area of a particle as a, F/A >> f/a.
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Chapter 7. Biocompatibility Assessment
7.1 Fluorescence-Based Biocompatibility Analysis Procedure
Hybrid structure samples were evaluated in vitro for compatibility with keratinocytes,
which are the most common cell type found in the epidermis. The HaCaT cell line, an
immortal cell line of keratinocytes, was used in our biocompatibility studies. This cell
line was chosen due to its retention of key in vivo properties despite long-term
differentiation. For example, after long-term passaging, differentiation-specific keratins
are expressed, unchanging DNA fingerprint patterns are observed, and the cells have
been found to be nontumorgenic [81].
These HaCaT cells were cultured in the following manner: First, the cells were thawed
from their frozen state (cryogenic vials containing roughly 106 cells, and 1 mL of solution
containing 72% growth medium, 20% fetal bovine serum (FBS), and 8% DMSO,
immersed in liquid nitrogen) by immediately immersing the vials in a 37° C water bath.
When the vial had completely thawed, the exterior of the vial was sterilized by spraying
with ethanol. Then, the contents were poured into a sterile conical tube. 30 mL of
complete growth medium (CGM) were added into the tube slowly, so as to reduce
osmotic shock. The cells were then pipetted to evenly disperse and seed them into a
flask, in which they were then placed into a 37° C environment with 5% CO2 and 100%
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humidity.

The medium was replaced the following day to provide additional

nourishment.
The cells were then passaged several (more than three) times in the following manner:
Roughly four days after passaging, when the cells were 80% to 100% confluent, the
medium was aspirated. 10 mL of phosphate-buffered saline solution (PBS) were added
to remove any remaining trypsin-inhibiting solution in addition to any non-adhered cells.
The PBS was aspirated, and then 3 mL of 0.25% trypsin were added, followed by
incubation in the typical HaCaT growth environment for ten minutes. When all cells had
released from the flask, 10 mL CGM was added and the resulting solution was pipetted to
disperse the cells. The cells were then resuspended in fresh growth medium and in a new
flask at a 1:10 ratio. The process was repeated until the cells are needed.
In each iteration of this experiment, three samples were tested for HaCaT toxicity: a
portion of a bare, sterile glass slide (control); MWCNTs on a graphitic substrate, as
outlined previously; and silver nanoparticles (Ag-NPs) adhered to the previous sample, as
outlined in Chapter 4.3. A 24-well plate and the samples were irradiated for 30 minutes
with a 75 Watt, 254 nm wavelength Phillips UV lamp positioned approximately two feet
away to sterilize the samples. The samples were placed in separate wells and were rinsed
with CGM to remove any loose particulates which had collected on the surface during
functionalization. 2 mL of fresh CGM were then added to the samples in the well plate,
completely immersing them, and 125,000 cells per mL of CGM were added to each well.
The cells were allowed to grow for 2 days at 37 °C in a 5%

, 100% humidity

environment until the control slide was roughly 100% confluent with HaCaT cells.
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The samples were labeled with fluorescent markers to make cell morphologies visible
and to determine their viability, according to the following procedure: The CGM was
aspirated from each well. Each sample was then washed twice with room temperature
PBS, which was then aspirated. Each well was fixed with a solution comprised of 4%
paraformaldehyde and 96% PBS for ten minutes. The PBS washing step was repeated.
The cells on each sample were then permeabilized for five minutes with a solution
comprised of 0.1% Triton X-100 in a PBS solvent by pipetting the solution into each
well, followed by aspiration. The wells were again rinsed twice with PBS, followed by
adding a solution comprised of 10 mg BSA powder dissolved in 1 mL PBS to each well,
where it remained for 30 minutes until aspiration. For the remainder of the procedure, a
light controlled (red-lamp only) environment was used to avoid photobleaching of the
fluorescent markers. Alexa Fluor 555 phalloidin was added to the BSA solution prepared
in the previous step in the ratio of 1:40 by volume – once the cells are permeabilized,
phalloidin was able to bypass the cell membrane. This solution was well-mixed by
vortexing, then 1 mL was added to each well for 20 minutes, followed by aspiration.
Each well was again aspirated and the samples were then twice rinsed with PBS. The
samples were air dried for one to two minutes, followed by the application of several
drops of Prolong Gold reagent with Dapi counterstain to each sample.
The role of these components is as follows: The Prolong Gold reagent counteracts the
effects of photobleaching, and the Dapi counterstain emits a blue fluorescent light when
bound to a nucleus. Each sample was then placed upside down an unused well. The cells
were then allowed to stain and cure in darkness (covered by aluminum foil) overnight and
viewed the following day.
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The cells were then imaged using an Olympus IX71 Inverted Microscope. The lights
were dimmed, and each sample was viewed using the TRITC and DAPI filters. These
filters are designed to narrow the range of wavelengths which impinge on the sample and
which reach the objective lens; they are known as excitation filters and barrier filters,
respectively.

The former is necessary to avoid unnecessary photobleaching of the

sample, while the latter ensures that only fluorescent light is reaching the objective, since
other light sources (such as reflected excitation light) may obfuscate cell information.
These images were digitally collected, which was immediately followed by switching the
light filter to collect an image of the same location to observe the other fluorescent stain.
Each sample was observed in at least three locations on the samples’ surface, and typical
images are shown here of the control and CNT samples (Figures 7.1, 7.2). However, the
areas imaged of the silver samples were selectively chosen so that images were possible,
as will be explained in the results section. The images of the nuclear and cytoplasmic
stains were collected separately and overlaid in the composite images shown. The colors
of each were digitally modified to increase the contrast between them.
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7.2 Biocompatibility Results/Discussion

Figure 7.1: A micrograph of fluorescent HaCaT cells on a glass substrate after two
days’ growth.

The negative control in this experiment was glass, which is known to be biocompatible.
The glass was sprayed with isopropyl alcohol, allowed to dry, and sterilized under a UV
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lamp for roughly ten minutes at a distance of two feet. The fluorescence microscopy
shows healthy, confluent cells after two days’ growth, as expected (Figure 7.1).

Figure 7.2: A micrograph of fluorescent HaCaT cells on HOPG + CNTs after two
days’ growth.
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Adherent MWCNTs on graphite have been evaluated using this method also. After the
same time period as the control (two days), islands of viable cells resulted with some
cells showing morphological signs of unhealth. Specifically, some nuclei were illdefined, suggesting they were in the process of cell death. However, much of the area
was covered with apparently healthy cells (Figure 7.2). Previous research suggests that
we may have expected full, but delayed confluence of those cells, but this hypothesis was
not tested herein.
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Figure 7.3: A micrograph of fluorescent HaCaT cells on HOPG + CNTs + Ag NPs
after two days’ growth.

The cells introduced to the final hybrid structure of silver nanoparticle-decorated carbon
nanotubes showed the most toxicity. There were very few cells left which had not
degraded beyond exhibiting fluorescence – in fact, while the control and CNT samples
were imaged “randomly,” this image had to be sought after, since the vast majority of the
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sample appeared completely dark. In both trials of this experiment, there were fewer than
ten fluorescent cells per 0.25

sample – approximately 100% toxicity. The few

images which were obtained revealed cells in the process of death based on their
morphologies and weak fluorescence (this image was much dimmer than the others
before image processing was performed) (Figure 7.3).
There are likely several contributing factors to these apparent toxicity findings. One
likely contributor was the small size of the silver particles that adorned the CNTs,
coupled with the large number of particles present. These Ag-NPs were primarily less
than 8 nm in diameter, which likely contributed to the toxicity because there is a
significant negative correlation between particle size and toxicity on a per-mass basis, as
discussed in Chapter 3. It is also important to note that silver nitrate is much more toxic
than metallic silver, so its presence, even if slight, may have been an important
contributing factor to the toxicity of the samples. Both of these factors likely worked in
concert to produce the observed toxicity, which was conclusive and apparent in both
trials performed.
The mechanism of cell death cannot be determined via this method and there is
significant debate in the literature as to the mechanisms of nanoparticle-induced
apoptosis or necrosis.
One potential flaw in our study is that it is possible that the fluorescent stains are
neutralized by silver or a contaminant which is present in the final hybrid structure but
not in the previous ones. We cannot rule this out because the exact composition of the
final sample is uncertain. This possible effect could mask viable cells, although that
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seems unlikely due to the past reported toxicity of silver nanoparticles in smaller
amounts, coupled with the fact that very few, but some, cells did exhibit fluorescence.
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Chapter 8. Summary and Conclusions
Successful attachment of silver nanoparticles on surface attached nanotubes has been
accomplished. It is accepted in the literature that surface activation of CNTs is required –
every other electroless deposition in the literature, to our knowledge, reportedly relies on
acid-activated nanotubes (i.e. containing a large number of side groups on the nanotube
surface, such as –COOH), via an acid pre-etch) [7 – 9, 11, 28]. However, the current
process does not utilize an acid pre-etch, thereby avoiding damage to the CNT walls,
whose integrity are important to various material properties such as thermal and electrical
conductivity as well as mechanical strength.
Additionally, to my knowledge, this is the first successful adherence Ag-NPs to the
surface of CNTs that are strongly adhered to a larger substrate via electroless deposition.
Such structures can be used for future devices where the benefits of high surface area
CNT is combined with the robustness of larger solid structures.
The Ag-NPs that have been adhered can be somewhat altered in size as desired, from
particles smaller than 6 nm in diameter to larger particles of 20-60 nm. They do not wash
away with vigorous rinsing in ethanol or water -- or even with sonication until hybrid
structure failure via other mechanisms. The very dense CNT-adhered Ag-NPs produced
are not biocompatible in the 60 °C reduced form with human skin cells in vitro. Future
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investigations are needed to determine if and how the toxicity level depends upon
concentration, distribution, and surface properties of silver particles.
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Chapter 9. Future Recommendations
Possible biological applications of a high surface area, surface plasmon resonant, antimicrobial nanocomposites include three types of devices: Biosensors, biofilters, and
wound dressings. Each of these branches will be considered below.

9.1 Biosensor
An electrochemical biosensor is defined by Thévenot, et al. as, “A self-contained
integrated device, which is capable of providing specific quantitative or semi-quantitative
analytical information using a biological recognition element (biochemical receptor)
which is retained in direct spatial contact with an electrochemical transduction element
[82].” Biosensing is a growing area of silver nanoparticle (and other surface plasmon
resonant materials) application.
The extremely high surface area of my particles could provide an attractive substrate for
biosensing, since SPR is a surface-dependent phenomenon. This coupling of a
hierarchical substrate and a ligand specific to the analyte would be a prime candidate for
a highly sensitive electrochemical biosensor.
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9.2 Biofilter
Biofiltration is the passing of a fluid through some sort of barrier, blocking some or all
biological agents from passing through or neutralizing those agents, while allowing the
bulk of the fluid through. Constituting an omnipresent threat throughout human history,
waterborne diseases are responsible for millions of deaths annually according to the
World Health Organization [83]. In addition to other steps such as improved hygiene
practices and nutrition intake, portable, reusable, storable filtration devices are needed in
order to combat this threat.
Biofiltration via passing contaminated liquid over a silver-NP functionalized substrate
has been shown to be a viable method of sterilizing water [25], and is likely limited by
the surface area of the silver per volume. Given that my hybrid structure boasts a large
amount of Ag-NPs, and that carbon foams are readily functionalized by the CNTs I have
used in this study, this seems to be a promising application.
A researcher could generate CNTs on commercially available, interconnected, highly
porous carbon foams by reported methods [1]. This would then be followed by either
force or gravity-driven throughput of contaminated water, depending on pore diameters,
volume processing speed requirements, and surface activity, among other factors. Then,
Kirby-Bauer diffusion tests for measuring bactericide efficacy could be used to determine
its efficacy.

79

9.3 Wound Dressing
A barrier dressing is a material which is placed over a wound or surgical graft site with
the goal (in the case of the latter) being, “to promote autograft survival by providing an
antimicrobial barrier and a local environment that supports adherence and eventual
healing [84].” There are several commercial products which currently appeal to this role
that use silver deposited on a substrate. One of the more widely tested is known as
ActicoatTM, a hybrid structure used to treat burn victims [44, 85]. However, in a broader
sense than only barrier dressings, silver compounds have been used to prevent or limit
infection for centuries [86, 87].
Because of the size effects noted by other researchers, this material may still be suitable
for such an application – that is, perhaps larger particle sizes such as those seen in the 80
°C samples presented herein or even larger would be more biocompatible, and yet still
bactericidal.
Additionally, the samples were shown herein to contain some impurities – nitrates
particularly – which could harm the cells. Additional purification may further mediate
the deleterious effects of the hybrid structure on human cells (by dissolution of additional
nitrate, for instance), while still effectively inducing apoptosis in bacteria. Lastly, it is
important to remember that silver has a history of proving to be more toxic in simpler
systems – bacteria more than eukaryotic cells and in vitro more than in vivo.
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Appendix
A. Wetting Angle Analysis
An analysis of the wetting angle of the particles was performed in order to gain some
insight into the specifics of the nanoparticle bonding (Figure A.1). The procedure was
very similar to previous SEM imaging: A location on the sample was chosen
indiscriminately and four 250 kx micrographs were captured. These were then examined
using an Angle tool in Scandium as is shown in (Figure A.2). Both visible edges of the
particle were evaluated and averaged to determine the wetting angle.
A total of 9 particles were measured for wetting angle. The reason for this small size is
that particles had to both be very near the edge of the CNT (as seen by the incident SEM
electron beam) so that it could be viewed in profile and the particle had to be large
enough to get a reliable measurement.
One criticism of this method is that it is difficult to ensure that a particle which appears to
be lying on the edge is not in fact lying slightly behind it (Figure A.3). While this is
certainly a possible source of error, it does not compromise the results in a significant
way for two reasons: 1) No NPs of this size (< 20 nm) have been observed with a
wetting angle over 90°, despite examining dozens of images. 2) Particles are readily
found where CNTs border one another, suggesting that these interfaces are
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thermodynamically favorable and that our apparent wetting angle is close to the actual
wetting angle; that is, less than 90°.

Figure A.1: A schematic of one wetting angle measurement.
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Figure A.2: A sample micrograph depicting wetting angle measurements.
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Figure A.3: A schematic depicting one challenge in wetting angle measurement.

The wetting angles measured are less than 90°, suggesting a wettable surface. After a
review of the literature, these less-than-90° wetting angles have been observed in other
silver-CNT work as well [7, 28]. There are two commonalities between these cases: that
the CNTs are functionalized with moieties as explained in the literature review and that
each procedure utilizes surfactants of one kind or another. What is actually being
observed in this case may not be that silver wets CNTs, but rather that moieties,
surfactants, or both create a more energetically favorable surface for silver wetting. As
far as the surfactant is a contributor, it may simply facilitate the initial nucleation or
adherence of the silver to the moieties by removing tiny air pockets, after which time it
may be irrelevant. The purpose of these functional groups is to create a low-energy
bonding form for silver instead of silver remaining as spherical particles in solution. It is
this lower-energy interface that also creates wettability. In the absence of such functional
groups, high surface tension materials do not wet the surface of CNTs independently of
the application of high pressures or chemically reactive environments [88].
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B. Sample of Background Choices of XPS Spectra
In this section, example boundary choices are presented which were used for the
quantification in Table 5.1 because the choices of these boundaries have a significant
impact on the quantification results.
In each case, either Shirley or Linear fits were used. The former was used when the
background noise level changed substantially before and after a peak and the scan had a
high signal-to-noise ratio, while the latter was used if both conditions were not met.
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C. 80° Reduced Sample 10,000x Magnified Micrograph

Figure C.1: A micrograph of an 80 °C reduced sample displaying a large patch of
agglomerated silver particles.

D. Chemicals/Equipment
Chemicals:
Alexa-fluor 555 Phalloidin (Life Technologies, Inc.)
Bovine Serum Albumin (BSA) (Thermo Fisher Scientific Inc.)
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Complete Growth Medium (CGM) (RPMI-1640 from ATCC supplemented with 1% Pen
Strep from Fisher Scientific Inc. and 10% BCS from Invitrogen, Inc.)
Dimethyl Sulfoxide, (DMSO) (CH3)2SO (Sigma-Aldrich Co.)
Fetal Bovine Serum (FBS)
HaCaT cells
Highly Oriented Pyrolitic Graphite (HOPG) (Koppers, Inc.)
Hyclone Bovine Calf Syrum (BCS) (Thermo Fisher Scientific Inc.)
Paraformaldehyde (Electron Microscopy Sciences)
Penicillin-Streptomycin Solution (Pen-Strep) (Thermo Fisher Scientific Inc.)
Phosphate-Buffered Saline Solution (PBS) (Life Technologies, Inc.)
ProLong Gold antifade reagent with DAPI (ProLong Gold) (Life Technologies, Inc.)
RPMI-1640 with L-Glutamine (RPMI) (Media Tech, Inc.)
Silver Nitrate, AgNO3 (Sigma-Aldrich Co.)
Trisodium Citrate Dihidrate (NaCit), C6H5Na3O7∙2H2O (Sigma-Aldrich Co.)
Triton X-100 Detergent Solution (Triton) (Thermo Fisher Scientific Inc.)
Trypsin with EDTA (Trypsin) (Life Technologies, Inc.)
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Equipment:


SIP Brand Ultrasonic Cleaner 5.5 gal.
Scientific Products Division of Baxter Diagnostics Inc.
Input: 115 V, 200 W, 2 A, 50/60 cycles
Cat. C6450-55, Model ME 5.5 S, Serial # 104B6083



JSM-7401F FE SEM



Kratos AXIS ULTRA (Fig 4.1)
Aluminum monochromatic anode K-alpha



Thermolyne Nuova 2 Plate Stirrer
Model SP18425



Polygon Spinbar with Ring
12 x 4.5 mm, Teflon
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Figure D.1: Kratos X-Ray Photoelectron Spectrometer
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